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We report on a detailed single crystal x-ray diffraction study of the unconventional spin-Peierls
compound TiOCl. The intermediate phase of TiOCl is characterized by an incommensurate modu-
lation which is virtually identical to that recently found in the homologue compound TiOBr. The
first order phase transition between the spin-Peierls ground state and the incommensurate phase
reveals the same kind of thermal hysteresis in both, its crystal structure and magnetic susceptibility.
A weak, but significant magnetic field effect is found for this phase transition with a field induced
shift of the transition temperature of ∆Tc1 = −0.13 K for an applied field of B = 10 T along the
chain direction. The field induced changes of the incommensurate crystal structure are compatible
with a scenario of competing intra- and inter-chain interactions.
PACS numbers: 61.10.Nz, 61.44.Fw, 61.50.Ks, 75.10.Pa
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I. INTRODUCTION
Strongly correlated low dimensional spin systems have
attracted great interest due to a large variety of fasci-
nating physical properties. The reduced dimensionality
often allows for a description by exactly solvable theo-
retical models which may clarify fundamental quantum
mechanical aspects of solids, including phenomena of sig-
nificant technological potential like high-Tc superconduc-
tivity. Moreover, the complex interplay between the dif-
ferent microscopic degrees of freedom (charge, spin, or-
bital and lattice degrees of freedom) is at the heart of nu-
merous phase transitions leading to exotic ground states.
Considering a one-dimensional (1D) antiferromagnetic
(AFM) S = 1/2 spin chain, a coupling to the lattice may
result in a spin-Peierls transition with a non-magnetic,
dimerized ground state. The first example of an inor-
ganic spin-Peierls compound is CuGeO3
1. More complex
physics is obtained if the spins are additionally coupled to
charge or orbital degrees of freedom, as manifested i. e.
in a metal-to-insulator transition (MIT) in Na1/3V2O5
2.
Recently, the titanium-based oxohalides TiOX (X=Cl,
Br) have been discussed as new unconventional inorganic
spin-Peierls systems3,4,5,6,7,8,9,10,11,12,13,14,16. They crys-
tallize in an orthorhombic structure with Ti-O bilay-
ers within the ab-plane well separated by Cl/Br ions19.
Quasi-1D S=1/2 spin chains along the crystallographic b-
axis are formed via orbital ordering giving rise to strong
direct exchange with an exchange constant of J/kB ≈
660 K3. For TiOCl, the low temperature spin-Peierls
state is established by a steep decrease of the magnetic
susceptibility below Tc1 = 67 K
3, accompanied by a si-
multaneous lattice dimerization of the Ti3+ ions, as evi-
denced by corresponding superlattice reflections showing
a doubling of the unit cell along the b-axis10. Infrared6
and Raman spectroscopy7, as well as electron spin reso-
nance (ESR)5 and NMR experiments4 corroborated these
results and revealed a spin excitation gap of ∆ = 430 K.
However, a conventional spin-Peierls scenario is insuffi-
cient to account for the physical behaviour of TiOCl. A
wealth of experimental results have established a first or-
der phase transition from the spin-Peierls ground state
into a second, intermediate phase at Tc1 = 67 K, which
extends up to Tc2 = 91 K where a second order phase
transition separates the intermediate phase from the nor-
mal paramagnetic state at high temperatures. The na-
ture of the intermediate phase of TiOCl has not yet been
clarified. Based on the temperature dependence of the
g-factors and line width in ESR experiments5 and, in
particular, on phonon anomalies found in Raman and IR
spectroscopy6,7 it has been proposed that orbital fluctua-
tions play an essential role and may extend well above Tc2
up to 130 K. This interpretation has been further sup-
ported by recent specific heat measurements8 and is also
in agreement with electronic structure calculations3,20.
Within density functional theory employing the LDA+U
approximation, the electronic ground state configuration
3d1xy of the Ti
3+ ions can couple to optical phonon modes
that in turn may lead to strong orbital fluctuations within
the t2g crystal field multiplet
3,20. Moreover, the impor-
tance of correlation effects has been revealed by combined
LDA+DMFT studies11,21.
In contrast, ARPES measurements could not detect
any evidence for phonon assisted orbital fluctuations11.
Moreover, recent polarization dependent optical mea-
surements in combination with cluster calculations pro-
vide evidence that the orbital degrees of freedom are ac-
2tually quenched12. Alternatively, it has been proposed
that inter-chain interactions within the bilayers lead to an
incommensurate spin-Peierls state below Tc2 that locks-
in in a conventional commensurate dimerized phase be-
low Tc1
12.
In fact, such a behaviour has been observed in the ho-
mologue compound TiOBr16. TiOBr and TiOCl have
the same electron configuration and crystal structure
and exhibit similar physical properties. Like TiOCl,
TiOBr shows two phase transitions at Tc1 = 27 K and
Tc2 = 47 K. The low temperature phase of TiOBr also
shows a twofold superstructure along the b-axis in agree-
ment with a spin-Peierls ground state15,16. Recently, a
single crystal x-ray diffraction study on TiOBr revealed
an incommensurate modulated structure for the interme-
diate phase16, in accordance with optical data and cluster
calculations.
Here we report on a detailed x-ray diffraction study
on single crystalline TiOCl to elucidate the nature of
the intermediate phase and to investigate any magnetic
field effect of the phase transitions. This is motivated by
a large magnetic field dependence of the incommensu-
rate structure observed above a threshold magnetic field
in other spin-Peierls compounds such as TTF-CuBDT17
and CuGeO3
18.
II. EXPERIMENTAL RESULTS
Single crystals of TiOCl were prepared by chemical
vapour transport19 from the starting materials TiCl3 and
TiO2. The samples were characterized by magnetization
measurements employing a SQUID magnetometer and
the magnetic properties were found in excellent agree-
ment with published results. Magnetic field dependent
single crystal x-ray diffraction measurements employing
synchrotron radiation have been performed at the beam-
line BW5 of HASYLAB (DESY, Hamburg). An inci-
dent photon energy of 100 keV was used. The sample
was mounted in a cryomagnet allowing for temperatures
1.6 ≤ T ≤ 300 K in horizontal fields up to B = 10 T. The
sample with a size of 1x1x0.01 mm3 was oriented with the
bc-plane in the horizontal scattering plane. The magnetic
field was oriented along the scattering vector in the chain
direction. This geometry was possible due to the small
scattering angles at high photon energies. By tilting the
cryomagnet, also small values in h were accessible. At low
temperatures (T = 10 K), a number of superlattice reflec-
tions along the chain direction (0, k + 0.5, 0), k = 0, 1, 2
have been recorded. The strongest intensity was found
for (0, 1.5, 0).
Fig. 1 shows the temperature dependence of the inten-
sity of the (0, 1.5, 0) reflection around the first phase tran-
sition at Tc1 = 67.5 K in zero field and in an external field
ofB = 10 T. As evident from Fig. 1, the intensity remains
virtually constant at low temperatures, starts to steeply
decrease at 66.5 K and vanishes at 67.5 K. Within the
experimental accuracy, no differences between the mea-
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FIG. 1: (Color online) Temperature dependence of the in-
tensity of the (0, 1.5, 0) superlattice reflection of TiOCl in
the vicinity of the first phase transition around Tc1 = 67 K.
Shown are measurements in zero field (open circles) and in an
external field of B = 10 T (full circles), respectively. The inset
shows intensities of both commensurate and incommensurate
reflections over the whole temperature range.
surements in zero field and B = 10 T are observed with a
marginal possible error of the temperature below 0.01 K.
Cycling the temperature reveals a pronounced thermal
hysteresis of the intensity of the (0, 1.5, 0) reflection.
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FIG. 2: (Color online) Evolution of the (0, 1.5, 0) superlat-
tice reflection of TiOCl for various temperatures on passing
through the first phase transition from the dimerized spin-
Peierls ground state into the intermediate phase in zero field.
The peak splitting indicates an incommensurate modulation
of the intermediate phase.
Fig. 2 shows the evolution of the low temperature
(0, 1.5, 0) reflection for increasing temperatures, covering
3essentially the temperature range of the second, interme-
diate phase 67.5 K = Tc1 ≤ T ≤ Tc2 = 92.5 K. At Tc1
the (0, 1.5, 0) reflection splits into two incommensurate
satellites which also show an additional incommensurate
component along k.
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FIG. 3: (Color online) Temperature dependence of the in-
commensurate components ǫ (a) and δ (b) of the (±δ, 2−ǫ, 0)
reflection of TiOCl in the intermediate phase in zero field
(open circles) and in an external field of B = 10 T (full cir-
cles). The insets show the incommensurate positions δ and ǫ
in more detail around Tc1.
The observed incommensurate reflections are
(±δ, ǫ, 0), (±δ, 2 − ǫ, 0) and (±δ, 2 + ǫ, 0) consistent
with space group Pmmn. The incommensurately
modulated intermediate phase can be described by a
propagation vector q = (±δ, 0.5+ǫ, 0) with 0 ≤ δ ≤ 0.078
and 0.4857 ≤ ǫ ≤ 0.5. The satellites can be monitored
up to T = 92.5 K where the undistorted orthorhombic
structure of the paramagnetic phase is recovered. The
temperature dependence of the two incommensurate
components of the reflection (±δ, 1.5 + ǫ, 0) is shown in
Fig. 3. Fig. 3a, shows the k-component ǫ and Fig. 3b, the
h-component δ of the incommensurate satellite for zero
field and in an applied field of B = 10 T. An expanded
view around Tc1 is given in the corresponding insets.
For both components, a small, but significant shift
∆Tc1 = −0.13 K of the phase transition temperature is
observed in the external field of 10 T along the chain
direction. Remarkably, the transition temperatures for
the modulations along the h- and k-direction appear to
be slightly different. A scan along k at T = 67.52 K
shows a single peak at k = 1.5015 whereas a scan along
h shows a peak splitting with δ = ±0.03 at T = 67.54 K.
Moreover, also the intensities of the satellite reflections
exhibit slight changes thus confirming a small field
induced modification of the incommensurate crystal
structure.
III. DISCUSSION AND CONCLUSION
We have performed a detailed single crystal x-ray
diffraction study of the spin-Peierls compound TiOCl.
However, it should be noted that the present investiga-
tion does not represent a complete crystal structure de-
termination. Due to geometric restrictions by use of a
large cryomagnet, only reflections of type (0, k, 0) were
explored in detail for their temperature dependence and
possible field effects. Therefore, the focus was on the
phase transitions in order to elucidate the nature of the
intermediate phase of TiOCl and its relation to the un-
conventional spin-Peierls transition.
The temperature dependence of the (0, 1.5, 0) reflec-
tion is characteristic for a doubling of the unit cell
along the b-axis due to the dimerized spin-Peierls ground
state10. A sudden decrease of the intensity is observed
at Tc1 = 67.5 K which confirms that the transition is of
first order. Moreover, a corresponding thermal hysteresis
of the intensity of this superlattice reflection is observed.
In combination with the same type of hysteresis found in
the magnetic susceptibility, it is concluded that the non-
magnetic, dimerized ground state of TiOCl is realized via
a first order spin-Peierls transition.
Recently, the unconventional properties of TiOX
(X=Cl, Br) have been interpreted in terms of frustrated
interchain interactions within the bilayers12. Within this
scenario, the spin-Peierls mechanism would give rise to
an intermediate phase characterized by an incommensu-
rate order with a subsequent lock-in transition into the
commensurate dimerized ground state12. In fact, such an
incommensurate modulated structure has recently been
observed in TiOBr16. The intermediate phase of TiOCl is
also characterized by such an incommensurate structural
modulation with a propagation vector q = (±δ, 0.5+ǫ, 0)
with 0 ≤ δ ≤ 0.078 and 0.4857 ≤ ǫ ≤ 0.5, as evidenced by
a corresponding peak splitting. The intermediate phase
of TiOCl exhibits a two dimensional (2D) modulation
within the Ti-O bilayers. The absolute values and the
temperature dependence of the modulation vector in Ti-
OCl are almost identical to those observed for TiOBr
(for TiOBr, the published temperature dependence of
the modulation vector is restricted to the x-component
or δ)16. We therefore conclude that both, TiOCl and
TiOBr exhibit the same kind of incommensurate modu-
lation in their intermediate phase. Apart from the incom-
mensurability, this modulation is characterized by rather
large displacements along the b-axis (chain direction) and
4comparable small amplitudes along the a-axis16. The
intermediate phase can be interpreted as either due to
frustrated spin-Peierls interactions12 or, alternatively, as
a phase with competing 1D spin-Peierls interactions and
2D magnetic interactions which are coupled to the lattice
modulation16.
A crucial test to identify a spin-Peierls state is its
generic B − T -phase diagram22. Due to the large energy
scale in TiOCl with an exchange constant of J/kB ≈
660 K no significant magnetic field effects are expected
within the accessible field range of conventional labora-
tory magnets. Our measurements in an external field of
B = 10 T could not observe any significant change of
the principal superlattice reflections of type (0, k+0.5, 0)
characterizing the doubling of the b-axis due to the com-
mensurately dimerized spin-Peierls ground state. How-
ever, a weak but significant field effect is found for the
phase transition into the incommensurate phase with
a field induced shift of the transition temperature of
∆Tc1 = −0.13 K for B = 10 T. The negative temper-
ature shift indicates a stabilization of the incommensu-
rate structure and a suppression of the antiferromagnetic
spin singlet formation of the spin-Peierls ground state
by the external field. These observations may be ac-
counted for within the scenario of frustrated inter-chain
interactions that give rise to a second, incommensurate
phase12. In TiOCl, the formation of spin chains along
the b-axis with a strong antiferromagnetic exchange re-
sults from orbital ordering of the xy-orbitals3,20 with a
corresponding strong magneto-elastic coupling. The or-
bital ordering further gives rise to inter-chain π-bonding
with a predominantly ferromagnetic exchange. Based on
band structure calculations20, the inter-chain exchange
can be estimated to be one order of magnitude weaker
than the principal exchange along the chains. The com-
petition between these different exchange interactions
leads to frustration and an incommensurately modulated
crystal structure12. The application of an external mag-
netic field then slightly shifts the equilibrium position of
these competing interactions. The small magnetic field
effect on the incommensurability confirms that the in-
commensurate modulation is of fundamentally different
origin as the field-induced modulation observed in clas-
sical spin-Peierls systems17,18. To conclude, we have de-
termined the incommensurate modulation of the inter-
mediate phase of TiOCl and find some small, but signifi-
cant changes upon the application of an external field of
B = 10 T along the chain direction. These results are
compatible with a frustrated spin-Peierls scenario.
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